Background: Although several studies have investigated the association between maternal serum vitamin D levels and risk of pre-eclampsia, findings are inconsistent. This systematic review and meta-analysis of published observational studies was conducted to summarize the evidence on the association between maternal serum vitamin D levels and risk of pre-eclampsia.
P
re-eclampsia is a major complication in pregnant women, affecting 3-10% of all pregnancies worldwide. It is associated with maternal morbidity and mortality (1) . Pregnant women with pre-eclampsia are susceptible to pulmonary edema, coagulation defects, and renal failure (2) (3) (4) (5) (6) . They are also at elevated risk of hypertension and cardiovascular disease later in life (7, 8) . In the past 2 decades, several studies have examined the association between maternal lifestyle and risk of developing pre-eclampsia (9, 10) ; however, the etiology of pre-eclampsia still remains unknown. There is an increasing interest in the role of vitamin D in pregnancy (11, 12) . Some studies have shown increased proinflammatory cytokines such as TNF-␣, IL-6, and interferon-␥ among vitamin Ddeficient pregnant women (13) (14) (15) (16) . In addition, hypertension is highly prevalent among individuals with vitamin D deficiency (14, (17) (18) (19) (20) . Kidneys and placenta, major organs for conversion of 25-hydroxyvitamin D [25(OH)D] to its biologically active form 1,25-dihydroxyvitamin D [1, 25(OH) 2 D], are affected physiologically and metabol-ically during pregnancy (21) (22) (23) . Therefore, vitamin D has received great attention as a possible etiological factor in pre-eclampsia. Vitamin D deficiency can affect the health of both mother and fetus by increasing the production of inflammatory cytokines and stimulating the activity of Tregulatory cells (14, 15) . It results in poor bone mineralization in infants (24, 25) , low birth weight (26) , and other adverse pregnancy outcomes (27, 28) .
Although several studies have assessed the association between maternal vitamin D status and risk of developing pre-eclampsia during pregnancy, results are inconsistent (29, 30, 33, 34, 40, 42, 43) . Almost all cross-sectional studies have reported a significant association between vitamin D deficiency and risk of pre-eclampsia (32, 35, 36) . Findings from case-control studies have revealed that serum vitamin D concentrations in pre-eclamptic women were lower than those in non-pre-eclamptic women (33, 34, (37) (38) (39) 43) ; however, some other studies failed to reach such associations (29, 40) . In a prospective cohort study, Shand et al (30) reported no association between vitamin D deficiency and risk of developing pre-eclampsia. In another cohort study (42) that included a large sample size, it was shown that low serum 25(OH)D concentrations (Ͻ50 nmol/L or Ͻ20 ng/mL) at weeks 24 -26 of gestation was associated with 3.2 times greater risk of pre-eclampsia. Despite several published papers, we are aware of no systematic review and meta-analysis of studies that examined the relationship between vitamin D status and risk of pre-eclampsia. Given the high prevalence of vitamin D deficiency across the globe and inconsistent findings about the association between vitamin D status and risk of pre-eclampsia, this study aimed to review the current observational studies about the association between maternal vitamin D status and risk of pre-eclampsia and to perform a meta-analysis of published studies.
Materials and Methods

Search strategy
A systematic search of the literature published earlier than December 2012 was conducted in PubMed, ISI (Web of science), SCOPUS, SCIRUS, Google Scholar, and EMBASE databases by 2 independent investigators (Marj.T. and Mary.T.) to identify related articles. The following keywords were used in our search strategy: "vitamin D" OR "25-hydroxy vitamin D" OR "25(OH)D" OR "calcidiol" OR "calcitriol" OR "cholecalciferol" OR "hydroxy cholecalciferol" in combination with "EPH complex" OR "EPH gestosis" OR "EPH toxemias" OR "pregnancy toxemias" OR "hypertension edema proteinuria gestosis" OR "preeclampsia." All keywords were selected from the Medical Subject Headings (MeSH) database. No language and time restrictions were done. No attempt was made to include unpublished studies. Duplicate citations were then removed. In addition, a manual search of references was performed to find other relevant articles. The full-text of some articles was obtained through contacting the corresponding author. This study was registered in www.crd.york.ac.uk/Prospero and www.prismastatement.org (registration no.: CRD42012002662).
Eligibility criteria
Published articles were included in this systematic review if they: 1) were observational studies; 2) had examined the association of maternal serum vitamin D levels with pre-eclampsia; and 3) had reported mean and standard deviation (or median and interquartile range) of maternal 25(OH)D or 1,25(OH) 2 D concentrations in pre-eclamptic and normal pregnant women. Of the publications we included in systematic review, those that had reported odds ratios (ORs) or relative risks (RRs) for pre-eclampsia were included in the meta-analysis (29 -31, 33, 40 -42) . Information on study design, sample size, participants' ages, duration of follow-up, and form of serum vitamin D levels assessed was extracted by 2 independent reviewers (Marj.T. and A.S.-A.). In case of disagreements, a third investigator (A.E.) was consulted. Discrepancies were resolved by consensus.
Excluded studies
In total, 1058 articles were found in our initial search. After elimination of duplicates, 768 articles remained. We excluded 702 articles through reading the title and abstract. Another 51 papers were excluded because they did not meet the inclusion criteria: 19 articles were not observational studies, 2 studies had examined vitamin D in the umbilical cord instead of maternal serum, 26 articles had not reported sufficient data on maternal vitamin D status or incidence of pre-eclampsia, 2 papers had evaluated dietary intake of vitamin D instead of assessing serum levels, 1 paper had reported the association between maternal serum vitamin D levels and risk of high blood pressure in pregnancy, and another study had reported MOM instead of OR (45) . Seven studies (32, (35) (36) (37) (38) (39) 43 ) that had not reported ORs or RRs were included in the systematic review, but not in the metaanalysis. Finally, 15 observational studies, including 2 cohort studies (30, 42), 4 cross-sectional studies (31, 32, 35, 36) , 5 nested case-control studies (29, 33, 34, 40, 43) , and 4 case-control studies (37) (38) (39) 41) were considered for inclusion in the systematic review, and 8 studies (out of 15 papers included in systematic review) including 2 cohort studies (30, 42) , 1 crosssectional study (31) , 1 case-control study (41) , and 4 nested casecontrol studies (29, 33, 34, 40) were included in the meta-analysis ( Figure 1 ).
Data extraction
The following information was extracted by 2 independent reviewers: the first author's last name, date of publication, sample size, study design, duration of follow-up, participants' ages, form of serum vitamin D levels assessed, mean and standard deviation of maternal serum 25(OH)D or 1,25(OH) 2 D levels, method of vitamin D measurement, ORs or RRs for pre-eclampsia, as well as covariates used in the study. In case of a crosssectional study that had separately reported the number of pre-eclamptic women in vitamin D-deficient and vitamin D-sufficient groups, we manually calculated the OR (31). One study had assessed the association of 25(OH)D concentrations with pre-eclampsia twice-at 12-18 and 24 -26 week gestation (42) . Therefore, findings of this study were included as 2 separate studies in the meta-analysis.
Statistical analysis
All reported RRs and ORs (and their 95% confidence intervals) were used to calculate log RR and its standard error. Using a random effects model that takes between-study variation into account, the overall effect size was calculated. Between-study heterogeneity was assessed using Cochran's Q test and I 2 . In case of significant between-study heterogeneity, we used subgroup analysis and meta-regression to find out possible sources of heterogeneity. Between-subgroup heterogeneity was examined through fixed effects model. Sensitivity analysis was done to explore for the extent to which inferences might depend on a particular study. Publication bias was assessed by looking over Begg's funnel plots. Formal statistical assessment of funnel plot asymmetry was done by Egger's regression asymmetry test. Statistical analyses were conducted using STATA version 11.2 (STATA Corp., College Station, Texas). P values less than .05 were considered statistically significant.
Results
Of the 768 retrieved papers, 15 observational studies including 2 cohort (30, 42), 4 cross-sectional (31, 32, 35, 36) , 5 nested case-control (29, 33, 34, 40, 43) , and 4 casecontrol studies (37) (38) (39) 41) were included in this systematic review. Of these 15 papers, 2 cohort, 1 case-control, 1 cross-sectional, and 4 nested case-control studies that reported ORs or RRs for pre-eclampsia were included in the meta-analysis (29 -31, 33, 34, 40 -42) . The studies included in this systematic review are summarized in Table  1 . In total, 3007 participants aged Ն18 years were included in 15 studies we considered for systematic review. One study assessed maternal serum concentrations of vitamin D at first trimester (40) , 5 studies at second trimester (30, 33, 34, 42, 43), and 5 studies at the third trimester of pregnancy (29, 32, 36, 39, 41) . One study quantified maternal vitamin D concentrations both at second and third trimesters of pregnancy (31) . Others did not describe the time of blood sampling for vitamin D assessment (35, 37, 38) . In 3 studies, participants were followed up until the delivery (30, 31, 34) . Ten studies were carried out in the United States (32-34, 36 -41, 43) , and others were in Canada (30, 42) , Denmark (35) , United Kingdom (29) , and Spain (31) .
Assessment of vitamin D status
Nine studies considered maternal serum 25(OH)D levels as a marker of vitamin D status, whereas 5 studies considered serum 1,25(OH) 2 D levels (32, 36 -39) , and 1 study evaluated both 25(OH)D and 1,25(OH) 2 D levels (35) . Most studies assessed serum vitamin D levels by using the RIA method (30, 37, 39, 41) or chromatography (29, 33, 35, 40) . Some studies used ELISA (34) or chemiluminescence immunoassay (31, 42) or microassay (38) . Others (32, 36, 43) did not report the method of vitamin D measurement.
Assessment of pre-eclampsia
Most included studies in this systematic review defined pre-eclampsia as a blood pressure of Ն140/90 mm Hg after 20 weeks gestation, accompanied by proteinuria of Ն0.3 g in a 24-hour urine collection or a urine dipstick result of ϩ2 or greater (29, 34, 37-39, 40, 42) . In 2 studies, pre-eclampsia defined as mentioned above but a urine dipstick result of ϩ1 or greater had been considered (30, 31) . One study (33) used 2 definitions for pre-eclampsia: 1) blood pressure Ն160/110 mm Hg accompanied by proteinuria; or 2) systolic blood pressure of at least 90 mm Hg plus 5 g proteinuria in a 24-hour urine sample. The definition of pre-eclampsia was not stated in other studies (32, 35, 36, 41, 43) .
Adjustment for confounders
Nearly all studies that reported ORs or RRs used multivariable logistic or Cox regression analysis. However, the number and type of potential confounders controlled for was different between studies. Most studies controlled for maternal age, body mass index, season, and gestational trimester at sample collection. Two studies did further adjustment for smoking (30, 42) and 2 other studies additionally controlled for parity (29, 30) . One study adjusted for multiparty (33) and another for education (34) . In an attempt to control for the effect of possible confounders, some studies excluded women with pre-existing medical conditions including diabetes mellitus (33, 34, 40 -42) , chronic hypertension (33, 34, 41, 42) , kidney disease (33, 41), lupus (41), thrombophilias (31), major congenital fetal abnormalities (33), those with a history of pre-eclampsia (42) , and those with a history of small-forgestational-age delivery (40) . Furthermore, 3 studies included singleton pregnant women (33, 41, 42) , whereas 2 others recruited nulliparous women (34, 42) . To further adjust for potential confounders, investigators of 1 study (33) matched cases and controls in terms of race. Others also matched for gestational age in addition to race (41). Bodnar et al (34) and Wei et al (42) did not match cases and controls for any covariate. Besides the above-mentioned factors that were taken into account in earlier studies, it seems that additional adjustment for some other confounders like physical activity (52), dietary calcium intake (53) , and vitamin D-binding proteins (54) are required to reach an independent association between serum vitamin D levels and pre-eclampsia.
Findings from systematic review
Four studies in the systematic review including 1 crosssectional (31), 1 cohort (30), and 2 nested case-control studies (29, 40) found no association between maternal 25(OH)D levels and pre-eclampsia. One cohort study (42) reported that maternal 25(OH)D levels of Ͻ50 nmol/L (20 ng/mL) at 24 -26 weeks gestation was associated with an increased risk of pre-eclampsia. Four other studies showed a significant association between lower levels of maternal 25(OH)D and increased risk of pre-eclampsia (33, 34, 41, 43) . Six studies reached a significant association between lower levels of 1,25(OH) 2 D concentrations and increased risk of pre-eclampsia (32, (35) (36) (37) (38) (39) .
Findings from meta-analysis
Of the 15 studies included in the systematic review, 7 had not reported ORs or RRs; therefore, we included the 8 remaining papers in our meta-analysis (29 -31, 33, 34, 40 -42) . In total, 2485 women aged Ն18 years were studied in these 8 studies. In the meta-analysis, we found a significant association between vitamin D deficiency and risk of pre-eclampsia ( Figure 2) ; however, significant be- tween-study heterogeneity was found (I 2 ϭ 52.7%; P ϭ .03). To find the source of heterogeneity, we performed a subgroup analysis based on cutoff points used to define vitamin D deficiency in different studies as well as analysis based on study design. Subgroup analyses according to study location and trimester of pregnancy (time of blood sampling) were also done.
Out of 8 studies, 3 reports considered vitamin D deficiency as Յ38 nmol/L (15.2 ng/mL) (29, 34, 40) , and 4 papers defined the deficiency state as Յ50 nmol/L (20 ng/mL) (31, 33, 41, 42); 1 paper (30) defined vitamin D deficiency based on both cut-points, and we therefore included this paper in both categories. Meta-analysis on 4 papers (29, 30, 34, 40) including 931 participants, which considered 25(OH)D levels of Ͻ38 nmol/L (15.2 ng/mL) as deficiency, revealed no significant association between vitamin D deficiency and risk of pre-eclampsia (Figure 3) . Meta-analysis of 5 articles (30, 31, 33, 41, 42) , including 1775 participants, that defined the deficiency as 25(OH)D levels of Յ50 nmol/L (20 ng/mL) showed a significant association between vitamin D deficiency and risk of preeclampsia (Figure 4) . We also did the meta-analysis separately by study designs. Cohort and nested case-control studies were considered together in the first group and cross-sectional and case-control studies in the second group. Data from "cohort and nested case-control studies" showed that maternal deficiency of vitamin D was significantly associated with risk of developing pre-eclampsia ( Figure 5 ). Meta-analysis of "cross-sectional and case-control studies" revealed the same association (2.78; 1.45-5.33; P ϭ .002). We do not have enough information to reject our null hypothesis about between-study heterogeneity for all mentioned analyses. Subgroup analysis based on study location showed a significant association between vitamin D deficiency and increased risk of pre-eclampsia in the United States, but no significant association in other countries. We do not have enough information to reject our null hypothesis about between-study heterogeneity either for studies done in the United States (Q test, P ϭ .304; I 2 ϭ 17.4%) or for those done in other regions (Q test, P ϭ .978; I 2 ϭ 0.0%) ( Figure 6 ). To examine whether the time of blood sampling (trimester of pregnancy) can contribute to the between-study heterogeneity, we used meta-regression with time of blood sampling as a covariate. This analysis showed that time of blood sampling could not be a possible source of heterogeneity (B ϭ 0.11; P ϭ .79).
Findings from sensitivity analysis revealed that no particular study significantly affected the summary effects.
Although a slight asymmetry was seen in Begg's funnel plot, we do not have enough information to reject our null hypothesis about publication bias using Egger's test (P ϭ .67).
Discussion
This meta-analysis of observational studies showed a significant association between vitamin D deficiency and risk of pre-eclampsia. Subgroup analysis indicated that the association between vitamin D deficiency and risk of preeclampsia was significant when the deficiency was defined as serum 25(OH)D concentrations of Ͻ50 nmol/L (20 ng/mL); however, when the deficiency was considered as Ͻ38 nmol/L (15.2 ng/mL), the association was not significant. The inverse association between vitamin D status and risk of pre-eclampsia was significant for both "cohort and nested case-control" and "cross-sectional and casecontrol" studies. However, when the analysis was done separately by study location, we found a significant association only for studies from the United States. To our knowledge, this is the first meta-analysis of observational studies that examined the association between vitamin D status and risk of pre-eclampsia.
Pooling information from all observational studies can provide more precise and powerful findings than those obtained from individual studies. Most cross-sectional studies showed a significant association between lower concentrations of 1,25(OH) 2 D and pre-eclampsia at the third trimester of gestation (32, 35, 36) . One cross-sectional study that had assessed maternal 25(OH)D levels at the first trimester (at 11-14 week gestation) reached no significant association with pre-eclampsia (32) . Almost all cross-sectional studies had assessed serum vitamin D levels only 1 time after the diagnosis of pre-eclampsia. Very few studies had examined vitamin D status several times and before clinical diagnosis of pre-eclampsia. The inherent limitations of cross-sectional studies must be taken into account. Findings from these studies cannot prove casual relationships. The majority of case-control and nested case-control studies have shown lower levels of serum vitamin D levels in pre-eclamptic women than in healthy pregnant women (33, 34, (37) (38) (39) 41 . However, 2 nested case-control studies (29, 40) assessing vitamin D status either at the first or second trimester of pregnancy reported no association between serum total or free 25(OH)D levels and risk of pre-eclampsia. The different findings from traditional or nested case-control studies might be explained by the quantification of vitamin D status in different times of pregnancy. Furthermore, some studies had considered 25(OH)D levels as a surrogate marker for vitamin D status, whereas others had used 1,25(OH) 2 D. Earlier studies have shown similar but independent biological effects for 25(OH)D and 1,25(OH) 2 D (46). In this meta-analysis, we had 2 cohort studies with inconsistent findings. Shand et al (30) failed to detect any association between serum vitamin D levels and risk of pre-eclampsia, whereas Wei et al (42) reached a significant association between vitamin D deficiency (Ͻ50 nmol/L or Ͻ20 ng/mL) at 24 -26 week gestation and increased risk of pre-eclampsia. We were unable to obtain the raw dataset from all 8 studies to do the separate analysis for both vitamin D cutoff points [Ͻ50 nmol/L (20 ng/mL) or Ͻ38 nmol/L (15.2 ng/mL)]. A suggestion for future studies is to report the estimates of association for both cutoff points of serum vitamin D levels.
Among the included papers, 10 studies had been performed in the United States (32-34, 36 -41, 43) , and only 1 of these studies (40) Although the mechanisms through which low serum vitamin D levels can affect the risk of pre-eclampsia are still unclear, it is biologically plausible. Vitamin D has been shown as a potent endocrine suppressor of renin biosynthesis to regulate the renin-angiotensin system (47, 48) . The renin-angiotensin system is a regulatory cascade that plays a critical role in the regulation of blood pressure and electrolyte and plasma volume homeostasis (48) . Therefore, normal serum vitamin D levels help prevent hypertension through suppression of the renin-angiotensin system. In addition to the effect of vitamin D on the reninangiotensin system, vitamin D can influence blood pressure through the suppression of vascular smooth muscle cell proliferation. It can also ameliorate insulin resistance, improve endothelial cell-dependent vasodilatation, and inhibit anticoagulant activity (49) . Vitamin D may modulate macrophage activity and cytokine production. Preeclampsia is hypothesized to be a 2-stage disorder (50) . At its first stage, placental perfusion is reduced, often secondary to abnormal implantation. The poorly perfused placenta is proposed to produce materials that, in an appropriate maternal environment, initiate the ensuing multisystem sequelae (second stage). These pathophysiological changes are proposed to be secondary to abnormal endothelial function, which is a component of a generalized increase in the inflammatory activation (42) . The active form of vitamin D, 1,25(OH) 2 D, has been shown to regulate the transcription and function of genes associated with placental invasion, normal implantation, and angiogenesis (51) . Therefore, insufficient serum vitamin D levels can impair normal functioning of these processes.
Several points need to be considered when interpreting our findings. One might believe that meta-analyses of this kind were developed for randomized clinical trials, and may not be entirely appropriate for use in observational nonrandomized studies. It might also be mentioned that no amount of statistics can compensate for a poor design and reduced precision in observational studies. Although a meta-analysis of randomized trials is more likely to provide unbiased information than that of observational studies, it must be noted that despite the inherent limitations, a meta-analysis of observational studies can provide much more valuable, summarized, and reliable information than a single study. This is particularly relevant for observational studies on pregnant women, for whom conducting randomized trials is not so easy. It must be kept in mind that some studies included in this meta-analysis had small sample sizes. Furthermore, some studies had evaluated serum vitamin D levels just once, whereas single measurement of serum vitamin D levels might not reflect whole body vitamin D status perfectly. In addition, some studies had considered 25(OH)D levels and others considered 1,25(OH) 2 D concentrations as a biomarker. Moreover, some studies included in this meta-analysis had not been specifically designed to assess the association between maternal vitamin D status and pre-eclampsia, and this relationship had been reported as an accessory finding. As with all meta-analyses, the publication bias needs to be discussed. Although we do not have enough information to reject our null hypothesis about publication bias due to the limited number of studies that our findings were based on, further investigations are required. Other limitations of observational studies, including selection bias and attrition bias, must be considered.
In conclusion, this meta-analysis of observational studies indicated that low (Ͻ50 nmol/L, or 20 ng/mL) serum concentration of 25(OH)D was associated with increased risk of pre-eclampsia. The inverse association between vitamin D status and pre-eclampsia was significant for both "cohort or nested case-control" and "cross-sectional or case-control" study designs. We failed to find a significant association in non-U.S. nations.
